Unintentional loss of herbicides into drainage ditches, shores or other waterbodies may cause large problems in farmland. Therefore strategies for the phytoremediation of agrochemicals and especially herbicides have become a topic of great interest in many agricultural areas. However, in order to establish effective biological pollution control, information on the detoxification capacity of riparian plants and aquatic macrophytes (e.g., Phragmites australis) is important to build up effective buffer stripes. We determined the detoxification capacity of Phragmites australis roots and leaves for the conjugation of agrochemicals to glutathione by assaying the model substrate CDNB as well as the herbicides fenoxaprop-P, propachlor, pethoxamid and terbuthylazine. Specific GST activities were always higher in the rhizomes (6.78 ð 0.88 µkat/mg protein for CDNB) than in leaves (1.08 ð 0.21 µkat/mg protein). The detoxification capacity is distributed across an array of GST isoforms. In summary, Phragmites australis seems to be efficient in herbicide detoxification and a good candidate for phytoremediation of effluents from agricultural sites.
Introduction
Both roots and leaves of numerous plant species have been described to possess elaborate detoxification mechanisms for organic xenobiotics, predominantly herbicides (Marrs, 1996; Schröder, 1997) . It has been demonstrated that herbicide tolerance in crops as well as resistance in weeds is partially based on the presence of these enzyme systems. It has generally been accepted that the responsible enzymes, although not physiologically connected, form a putative metabolic cascade for the detoxification, break down and final storage of organic xenobiotics. Sandermann and coworkers (1997) have compared this network of reactions with a "green liver", in analogy of the mammalian system. This cascade has first been described by Shimabukuro (1976) who subdivided xenobiotic plant metabolism into three distinct phases, i.e. (I) activation of the xenobiotic, (II) detoxification and (III) excretion, in analogy to human hepatic metabolism. The cascade comprises of activation § This paper is dedicated to Prof. Dr. Wolfgang Große, University of Cologne, on the occasion of his 70th birthday.
0939Ð5075/2005/0300Ð0317 $ 06.00 " 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D reactions catalyzed by P450 monooxygenases and peroxidases (phase I), true detoxification reactions in phase II performed by glutathione-and glucosyl-transferases, rendering the compound less toxic due to conjugation, and a set of further reactions that include cleavage, secondary conjugation and the like in phase III. In the past, xenobiotic conjugation in plants has been investigated in depth for pesticides, and several isoforms of glucosyl-transferases, malonyl-transferases and glutathione Stransferases have been identified in crops (Lamoureux and Rusness, 1989) . Sugars, amino acids or glutathione may be transferred to the activated xenobiotic depending on the structure of the molecule and its active sites. OH-, NH 2 -, SH-and COOH-functions on a molecule usually trigger glycosyl-transfer mediated by glycosyl-transferases (GT, E.C. 2.4.1.x; Frear, 1976) , whereas the presence of conjugated double bonds, halogen-or nitro functions determines glutathione conjugation catalyzed by glutathione S-transferases (GST, E.C. 2.5.1.18; Coleman et al., 1997) .
Recently Schröder and Collins (2002) have pointed out that it is crucial to know in the context of phytoremediation, which type of primary conjugation occurred, because this will determine the final fate of the compound (Frear, 1976) .
Glutathione S-transferases (GST, E.C. 2.5.1.18) are dimeric enzyme proteins of phase II that conjugate electrophilic, hydrophobic substrates to the tripeptide glutathione (GSH). GSTs play a major role in the intracellular detoxification of a wide array of xenobiotics (Lamoureux and Rusness, 1989) . They were the target enzymes of our investigation.
Materials and Methods

Plant material
For the experiments, adult Phragmites australis plants were grown in a pond in Mörlbach near Munich, Germany. Samples of rhizomes and leaves were harvested immediately before the experiments and frozen in liquid nitrogen.
Chemicals
Bovine serum albumin (BSA), CDNB (1-chloro-2,4-dinitrobenzene), glutathione S-transferase (rat liver), reduced glutathione (GSH), Nonidet P 40, PVP K 30 (polyvinylpyrrolidone) were obtained from Sigma Chemie (Steinheim, Germany). Fenoxaprop-P (FNP-P) and pethoxamid (PA) were from Ehrenstorfer (Augsburg, Germany). Propachlor (PCl), terbuthylazine (TBA) and 1-naphthylacetic acid (NAA) were from RDH (Taufkirchen, Germany). All other chemicals used were research grade commercial material.
Enzyme extracts
The frozen leaves and roots were homogenized as previously described (Schröder et al., 1990) under liquid nitrogen with a mortar and pestle to a fine powder and extracted at 4 ∞C in ten volumes (w/v) 0.1 m Tris-HCl buffer, pH 7.8, containing 1% of soluble PVP K 30, 1% Nonidet P 40 and 5 mm ethylene-diamine-tetraacetic acid (EDTA). The crude extract was centrifuged at 20,000 ¥ g and 4 ∞C for 20 min. Proteins in the supernatant were precipitated by stepwise addition of solid ammonium sulfate to 40% and in a second step to 80% saturation. During the procedure, the pH value was maintained at 7.8 by drop-wise addition of 10 m sodium hydroxide (NaOH). After each step the extracts were centrifuged at 20,000 ¥ g and the pellets were resuspended in 1 ml of 20 mm TrisHCl buffer, pH 7.8. The extracts were desalted and further purified by passing through gel filtration columns (PD 10, Pharmacia, Freiburg Germany).
Spectrophotometric enzyme assay and protein determination
Standard spectrophotometric tests followed the methods of Habig et al. (1974 ) resulting in a total assay volume of 0.6 ml. Controls lacking enzyme extracts or GSH were measured. Enzyme activity is expressed in units of kat (katal). 1 kat represents the enzymatic formation of 1 mol of end product per s in the enzyme extracts. Protein contents were determined by the standard method of Bradford (1976) using bovine serum albumin (BSA) as a reference protein.
Kinetics/inhibition
Steady state kinetic measurements were performed at 25 ∞C in 0.1 m Tris-HCl buffer. Michaelis-Menten constants for CDNB, DCNB and GSH were determined from Lineweaver-Burk plots. The measurements were performed according to the standard assay procedures cited above. The concentration of the substrates was varied in a range from 0.0625 to 1 mm. The enzymatic rate of conjugation was corrected for non-enzymatic rates.
Substrate inhibition was assayed using the herbicides fenoxaprop-P (FNP-P), propachlor (PCl), pethoxamid (PA) and terbuthylazine (TBA). The concentration of the inhibitors was varied in a range from 0.0625 to 1 mm. Also in this case, GST activity for CDNB was determined at 25 ∞C following the standard spectrophotometric test procedures (Habig et al., 1974) .
Induction of GST
Detoxification enzymes in Phragmites australis rhizomes were induced following the protocol of Robineau and coworkers (1998). For aging experiments, 1 g of rhizome was sliced (1.5 mm thick), washed, and incubated in 5 ml aerated distilled water. Several inducers were added in 1 ml of water and the induction experiments were started in Petri dishes for 1, 6, 24 h at 4 ∞C in the dark.
The concentration of the stock solutions was 30 mm propachlor (in EtOH) and 30 mm fenoxaprop-P (in EtOH), and 10 mm Bion (benzothiadiazole, in destilled H 2 O) and 10 mm naphthylacetic acid (in EtOH). The extraction of the enzymes followed the protocol described above. Photometric determination of enzyme activities after the induction was accomplished with the model GST-substrates CDNB, NBC, propachlor and NBOC.
HPLC
High-performance liquid chromatography (HPLC) of herbicide metabolites was performed with a Varian Model 230 HPLC System equipped with a Gynkotek Spectrometer SP-4 UV monitor at 254 nm. For HPLC analyses, a RP-C 18 Hypersil-ODS-column, 5.0 µm, 250 ¥ 4.0 mm, radial cartridge (Bischoff) was used with acetonitrile/water with 0.1% trifluoroacetic acid solvent system. Peaks were eluted at a flow rate of l ml/min in a gradient from 60% acetonitrile for 5 min followed by a 15 min increase to 100% acetonitrile.
Affinity chromatography
In order to separate GST isoenzymes from the crude extracts, samples were loaded onto GSH agarose and S-hexyl agarose columns (Pharmacia, Germany) pre-equilibrated with 20 ml 25 mm TrisHCl, pH 7.8. After use the column was washed with five volumes of the buffer. Bound GST was eluted by a stepwise gradient of 0 to 16 mm GSH dissolved in 25 mm Tris-HCl buffer with the addition of 0.1 to 0.5 m NaCl. To concentrate the protein in fractions (1 ml) containing GST activity, the buffer-salt mix was exchanged against water by gel filtration on Sephadex G25 columns and protein was lyophilized over night. GST activity was tested using the CDNB-standard test.
Gel electrophoresis
Molecular mass and purity of the GST isoenzymes were estimated by SDS-PAGE using 8 to 20% gradient gels. A rat GST standard (Sigma, Dreieich, Germany) was used as a standard and a low molecular weight marker for determination of the GST molecular weights (14Ð116 kDa). Lyophilized proteins were resuspended in water. Prior to electrophoresis samples were diluted 1:1 with loading buffer and proteins were denatured by 95 ∞C for 5 min. Gels were silver stained following the method of Blum and coworkers (1987) .
Results
Enzyme activity
Glutathione S-transferase activity for the model substrate CDNB was found in leaves and rhizomes of Phragmites, in accordance to Pietrini and coworkers (2003) (Table I ). In addition, activity for the conjugation of the closely related DCNB has been detected. Rhizomes exhibit 10-fold higher GST activities than leaves, due to the lower protein contents (0.85 mg/g FW as compared to 9.08 mg/g FW) of the storage tissue. However, the high GST activity in rhizomes points to the importance of the enzyme in root metabolism and defence against foreign compounds.
As it is known from previous studies that GST isoforms in different plant tissues are not identical, which results in differences in the substrate spectrum, Michaelis-Menten kinetics were recorded. Whereas the K M -values for CDNB are equal in both rhizomes and leaves, significant differences have been found for the substrate DCNB. Furthermore, the affinity of the rhizome enzyme versus the cosubstrate, glutathione, is higher than in leaves. Interestingly, the K M -and v max -values for the herbicide propachlor show a similar tendency. They were lower in the leaves but extremely higher in the rhizomes than for CDNB. The K Mvalue for terbuthylazine was found to be 1.34 mm in the rhizomes (Table II) . Mc Gonigle and coworkers (2000) reported similar catalytic properties in maize and soybean. Their findings confirm large differences in specific activities and also conjugative activities higher for herbicides than for the standard substrate CDNB.
These results stimulated further studies on the enzyme kinetics, this time using the herbicides as inhibitors of CDNB conjugation. Inhibition kinetics allow for the distinction between enzyme isoforms or at least clusters of enzymes (Segel, 1975) . Fig. 1 depicts results of inhibition studies of CDNB conjugation in the presence of herbicides. It had previously been concluded from inhibition kinetics of this kind that the conjugation might be competitively inhibited by herbicides (Schröder, 1997) . Using fenoxaprop-P as an inhibitor of Phragmites GST at three different concentrations resulted in a typical Dixon plot with a clear interception above the x-axis. This is indicative of a classical competitive inhibition in leaves with a K I of 0.55 mm and in rhizomes with a K I of 0.09 mm (Table III) . Contrary to this, increasing inhibitor concentrations of the herbicides pethoxamid, propachlor and terbuthylazine do not result in straight first order kinetics, but in asymptotic curves. From these curves, at least two derivative lines can be drawn, resulting in two distinct K Ivalues for the reaction under consideration. The K I -values in leaves are 1.56 mm and 2.65 mm with Table III . K I -values show the inhibition for the extracted enzymes of Phragmites rhizomes and leaves. The concentration of the inhibitors was varied in a range from 0.0625 to 1 mm. GST activity was determined following the standard test. R 2 values were generally above 0.9. All measurements were done in triplicate; n.d., not determined.
Leaves
Rhizomes (Schröder and Götzberger, 1997) .
Induction studies
In order to obtain information on the possible enhancement of Phragmites GST by chemicals, rhizomes of the plant were incubated with benzothiadiazole (Bion), naphthylacetic acid (NAA), and the herbicides fenoxaprop-P and propachlor. It was speculated that the reaction of GST activity on these chemicals would allow for recommendations how to increase the detoxification capacity of the reed plant. Further it was assumed that the plant activators would increase GST more rapidly and stronger than the herbicides under consideration. GST activities in the rhizomes were determined with CDNB, propachlor, NBC and NBOC after 1, 6 and 24 h of incubation.
Benzothiadiazole, a known inducer of plant resistance and marketed as Bion to improve plant performance (Fig. 2) , exerted significant effects on three of the chosen substrates, whereas NBOC conjugation was not affected in any experiments. After 1 h of incubation, the GST activity in reed rhizomes was even found to be slightly lower than in untreated controls, and after 6 h, only NBC conjugation was increased above controls. After 24 h, however, CDNB conjugation was increased 6-fold and the formation of propachlor conjugates was enhanced by a factor of 25.
Naphthylacetic acid, a known herbicide safener, led to contrasting effects. CDNB and NBOC conjugations were enhanced only during the first 6 h of the incubation period. However, the induction effect was lost after 24 h. Both, propachlor and NBC conjugation were inhibited throughout the experiment.
In contrast to these experiments with known inducers, the following two induction studies used herbicides as active agents (Fig. 3) . Fenoxaprop-P caused huge inductions of 23-fold and 15-fold for the GST activities conjugating CDNB and propachlor, but no effect was recorded for the other nitrobenzenes. It is remarkable that the reaction is . GST activity in Phragmites rhizomes following incubation with known inducers relative to untreated concubation with known inducers relative to untreated controls. Rhizome fractions were incubated for 24 h with trols. Rhizome fractions were incubated for 24 h with (A) Bion and (B) NAA in given concentrations. Samples (A) fenoxaprop-P and (B) propachlor in given concenwere taken after 1 h, 6 h and 24 h. The rhizomes were trations. Samples were taken after 1 h, 6 h and 24 h. The frozen in liquid nitrogen and stored at Ð80 ∞C. Enzyme rhizomes were frozen in liquid nitrogen and stored at extraction was according to the Materials and Methods Ð80 ∞C. Enzyme extraction was according to the Materisection and GST activity for several model compounds als and Methods section and GST activity for several and the herbicide propachlor was determined. All exmodel compounds and the herbicide propachlor was deperiments were performed in triplicate.
termined. All experiments were performed in triplicate.
seen only after 6 h of incubation, whereas NAA led to strong effects from the onset of the incubation. Overall, the chloroacetanilide herbicide, propachlor, caused the strongest induction in all incubations. After one hour, propachlor conjugation was already enhanced 40-fold in the treated plants, and after 6 h, 10-to 20-fold enhanced conjugation was measured for all substrates under consideration. At the end of the experiments, after 24 h, up to 70-fold increased conjugation rates were found for propachlor and NBC, a substrate that is not very actively conjugated under control conditions. Again, NBOC seems to reflect the weakest effects of all xenobiotic substrates tested. These results are of special importance, as Dixon et al. (2003) were able to show, that plant Phi GSTs exhibit high activities for the conjugation of chloroacetanilides, whereas GSTs of the Tau family are active against aryloxyphenoxy-propionic acids.
Furthermore our data indicate that there are several isoforms of GST present in reed rhizome. Whereas some isoforms seem to have overlapping substrate specificities, the nitrobenzylchlorides seem to be substrates to distinct GST groups.
This assumption is also underlined by our attempts to further purify reed rhizome GSTs by affinity chromatography. On an S-bound glutathione agarose gel, GSTs elute in four distinct peaks at different GSH and NaCl concentrations with 90% recovery (Fig. 4) . Similar results have been reported for wheat GST by Cummins and coworkers (1997) thus indicating differences in affinity to the substrate, i.e. differences in the sequence of the binding site, as well as differences in the charge of the enzyme, i.e. differences in the tertiary structure.
Gel electrophoretic separation of the proteins in these peaks confirmed the presence of several bands in the area of 25 to 30 kDa, the typical GST subunit weight (data not shown). GST isoforms with CDNB activity are eluted.
Conclusion
Agricultural practise frequently leads to pollution of adjacent water bodies. Phragmites australis can be used to diminish this load with agrochemicals as it is able to detoxify a whole array of xenobiotics, including herbicides. Besides its high basic activity for the conjugation of these compounds, the tested plants exhibited also extremely good inducibility of the detoxification enzymes. However, typical inducers of resistance were only active with specific GSTs and caused also inhibition rather than enhancement of activity. Our studies led to the assumption that there are different induction mechanisms for the GSTs under consideration and our data shed some light on the possible inhibition of the enzymes under the influence of xenobiotics. Such a negative effect of xenobiotics on the detox-ification capacity would also negatively influence phytoremediation, and the presence or absence of certain ingredients in an effluent mixture would well be decisive for a successful treatment.
The herbicides fenoxaprop-P and propachlor were by far the most potent inducers and activated the whole array of tested GSTs. Our results demonstrate that several induction mechanisms are present in the reed plant. Oxidative stress caused by the action of the used herbicides might be one of the most potent triggers for GST induction.
Overall reed seems to be a good candidate for phytoremediation of organic xenobiotics from water bodies. Further studies must include the role of the leaves in phytoremediation and try to elucidate the induction mechanisms as well as the GST family structure in Phragmites.
